INTRODUCTION
Freshwater invertebrates occur in habitats that represent discrete sites surrounded by an inhospitable terrestrial landscape. Despite this lack of obvious connectivity among sites, many freshwater taxa have broad geographical ranges, as was noted by Darwin (1859) . Some organisms achieve wide distributions through active 0066-4162/01/1215-0159$14.00 159 means such as aerial flight across the intervening landscape. Many, however, are incapable of dispersing themselves and rely on agents such as animal vectors, wind, or water flow to provide passive transport between sites. It is notable that, despite our longstanding appreciation that freshwater organisms achieve dispersal, the extent and modes of dispersal remain poorly understood. Direct study of dispersal is notoriously difficult, since it involves detection of movements by capturing, marking, and recapturing individuals (Southwood & Henderson 2000) , an approach that can easily overlook infrequent but biologically significant levels of interpopulation exchange. In aquatic environments, assessment of dispersal can also pose practical problems. Methods of marking individuals may require modification for use in water, and many dispersive stages do not lend themselves to such methods. Despite the formidable obstacles and problems associated with studying dispersal, the combination of ecological study with new molecular approaches is providing a better understanding of patterns of dispersal in freshwater invertebrates. This review synthesizes what is known of these patterns and emphasizes the ecological and evolutionary consequences of dispersal. We consider empirical studies and theoretical approaches, practical means of investigation, and the comparative biology of dispersing invertebrates that inhabit both lotic and lentic habitats. Because it is beyond the scope of this review to provide a comprehensive survey of the dispersal of invertebrates across the spectrum of freshwater habitats, we focus on systems that have received the widest investigation. In addition, we review evidence that some taxa achieve two-dimensional dispersal by exploiting both temporal and spatial scales, and we note the recent influence of humans on dispersal. Given the general nature of the issues discussed, the diversity of invertebrate life histories, and the ubiquity of invertebrates in freshwater habitats, the various patterns, processes, and predictions that arise should allow appropriate extension to other groups of organisms and to freshwater habitats not explicitly considered.
WHAT CONSTITUTES DISPERSAL?
The term dispersal has been used broadly, with the definition varying between areas of research (Dingle 1996) . The Dictionary of Ecology, Evolution and Systematics defines dispersal as "[the] outward spreading of organisms or propagules from their point of origin or release; one-way movement of organisms from one home site to another" (Lincoln et al. 1998) . As a working definition, we equate dispersal to the movement of individuals or propagules between spatially (or temporally) discrete localities or populations, and we focus mainly on evidence for the overland movement of freshwater invertebrates. Defined in this way, dispersal may or may not entail migration, colonization, or gene flow. Stenseth & Lidicker (1992) provide further discussion of the various uses and definitions of this term.
THE EVOLUTION, HERITABILITY, AND MAINTENANCE OF DISPERSAL Why Disperse?
From an individual's point of view, there are both advantages and disadvantages to dispersing from one site to another (Stenseth & Lidicker 1992) . Advantages include inbreeding avoidance, the possibility of locating a new site with low-density occupation and few resource competitors, and a potential escape from unfavorable conditions such as limited resources, predators, pathogens, and parasites. Disadvantages include an inability to locate a suitable new site, predation en route, failure to locate a mate, and outbreeding depression. The most widely perceived risk when sexually reproducing organisms fail to disperse is inbreeding, whereas overcrowding, predation, and an inability to contend with pathogens and parasites (Bell 1982) are the most obvious threats to clonally reproducing organisms.
Theoretical investigation into the evolution of dispersal has resulted in numerous mathematical models (reviewed in Johnson & Gaines 1990) . Recent theoretical developments are dealt with by Clobert et al. (2001) , Dieckmann et al. (1999) , and Ferriere et al. (2000) . Most models identify evolutionarily stable strategies based on game theory (Comins et al. 1980 ) and focus on variables such as risk of habitat extinction, competition among kin, temporal and spatial variability in habitat quality, costs of dispersal, and avoidance of inbreeding. Adaptive dynamics theory provides an alternative approach through assessing the potential for evolutionary invasion based on the population dynamics of mutant and resident individuals (Dieckmann et al. 1999) . Although theoretical developments continue to outpace practical support (Dieckmann et al. 1999 , Johnson & Gaines 1990 , empirical studies are on the increase. This imbalance no doubt reflects the fact that many of the mechanisms and model parameters are exceedingly difficult to test.
Heritability and Maintenance of Dispersal
For dispersal to be selected, traits related to dispersal must be variable and heritable. Wing length is such a trait in at least two groups of freshwater insects. In the water beetle Helophorus granularis, the occurrence of long-winged and flightless morphs is controlled by a single locus system (Angus 1970). In a number of water skaters, the inheritance of wing-length polymorphisms appears to be polygenic (Vepsalainen 1974 , Zera et al. 1983 , and in some Gerris species, seasonal polyphenism acts in conjunction with genetic polymorphism to determine wing length and therefore dispersal ability (Vepsalainen 1978) . In other species, environmental switches alone appear to determine wing length (Andersen 1982) . Heritability of dispersal in other freshwater groups remains poorly understood.
Dispersal is likely associated with the long-term persistence of freshwater taxa, since most freshwater sites are ephemeral relative to species' lifetimes. The relationship between dispersal and persistence of freshwater species has received increasing attention (Avise 1992 , Hogg et al. 1998 , since dispersal may be a critical predictor of a species' ability to escape threats posed by global atmospheric change (Hogg et al. 1998 , Hogg & Williams 1996 .
CONSEQUENCES OF DISPERSAL
Dispersal can affect many aspects of the evolution and population genetics of a species, but only if successful colonization is followed by breeding of subsequent generations. Such colonization will result in gene flow, the transfer of genes from one population to another. The effects of dispersal and gene flow are varied and profound. For instance, dispersal can promote range expansion following colonization of new sites. Intercontinental dispersal of freshwater cladocerans (Berg & Garton 1994 , Havel et al. 2000 , copepods (Cordell & Morrison 1996) , and snails (Zaranko et al. 1997) provides dramatic examples of such range expansions. Dispersal may also alter the probability of extinction within local populations by introducing new colonists and increasing genetic diversity, as has been demonstrated in populations of a freshwater bryozoan (Freeland et al. 2000a ). In addition, dispersal can strongly reduce the amount of genetic differentiation among populations (Bohonak 1999a). Finally, in the absence of appreciable levels of gene flow, evolutionary independence of populations may result, and this may lead to reproductive isolation and speciation (see Howard & Berlocher 1998 for a recent review).
METHODS OF ASSESSING DISPERSAL

Feasibility studies
The difficulties in quantifying dispersal mean that much of the evidence remains anecdotal, including collections of aquatic insects in traps (Zalom et al. 1980) ; observations of aquatic insects in flight (Freeman 1945) ; observations of adults and propagules attached externally to vertebrates and invertebrates (see Figure 1 ) and in vertebrate digestive tracts (see Table 1 ); demonstration that propagules remain viable after passing through vertebrate digestive tracts (see Table 1 ); and colonization of new sites (Jenkins 1995 , Maguire 1963 . With the exception of colonization events, this body of evidence confirms the feasibility of dispersal but provides little information on its extent or frequency.
Mark-Recapture Techniques
Mark-recapture techniques were developed in ecology principally for estimates of population size (Southwood & Henderson 2000) but can also be applied to assessments of dispersal (Service 1993) . Physical marking methods for invertebrates include the use of dyes, stains, and fluorescent or colored powders and pigments (Conrad et al. 1999 , Nuimberger & Harrison 1995 , Service 1993 ) applied either to the entire organism or as discrete spots, letters, and numbers (see Figure 2 , color Methods suitable for fully aquatic organisms with hardened external surfaces include the use of a modified dentist's drill or a fine abrasive needle to produce a permanent mark (Svensson 1998) . Such marks will not be lost if organisms reenter the water, are unlikely to disappear due to abrasion, and do not introduce toxic organic solvents (present in many waterproof pigments). The incorporation of colored beads in caddisfly larval cases provides a special means of following movements of marked individuals (Erman 1986 , Jackson et al. 1999 . One potential problem with direct marking is that it may change the behavior of marked individuals, a possibility that is seldom explored. More fundamental problems include the practicalities of marking sufficient numbers of individuals to be able to detect relatively infrequent dispersal events.
Radioactive and stable isotopes have been used to investigate dispersal distances of freshwater insects (Service 1993) . Discharge of 65 Zn from atomic reactor cooling water demonstrated upstream dispersal in caddisflies (Coutant 1982) , and stable isotopes (1 5 N) revealed upstream flight in Baetis mayflies (Hershey et al. 1993) . In recent years, miniaturized transponder tags have been exploited to track insects moving close to the ground. These tags capture and reradiate some of the energy emitted from hand-held radar, producing a characteristic signal (Riley et al. 1996) . Such methods have obvious potential for studying short-distance movement and dispersal in adult aquatic insects and will no doubt see increased use in the future.
Population Genetic Approaches
Population genetic studies provide indirect methods for studying dispersal. Levels of gene flow among populations can be inferred from the genetic characterization of individuals using molecular markers such as allozymes (Crease et al. 1997 , Hughes et al. 1999 ), mitochondrial DNA (Crease et al. 1997 , Taylor et al. 1998 , randomly amplified polymorphic DNA (RAPD) (Thomas et al. 1998) , and microsatellite loci (Freeland et al. 2000a,b) . Indirect assessment of gene flow from genetic data is based on the spatial distributions of alleles or chromosomal segments (reviewed in Slatkin 1985) . High levels of dispersal will result in shared alleles and little genetic subdivision between populations, whereas low levels of dispersal will result in genetic divergence among populations as a result of drift and/or selection (but see Nurnberger & Harrison 1995) . An important caveat is that the apparent genetic similarity of populations will depend to some extent on the relative mutation rate and the mode of inheritance (e.g., nuclear versus mitochondrial) of the molecular markers that are employed. Different regions of the genome evolve at different rates, which can influence, sometimes profoundly, our interpretation of dispersal paterns (Avise 1994). The most common approach for inferring gene flow (Nm) from genetic data is based on the variance in allele frequencies among populations, e.g., Wright's FST (Wright 1951 ), Nei's GST (Nei 1972) , and Weir's 0 (Weir & Cockerham 1984) . Although widely used, such derivations of Nm should be interpreted with caution, since numerous assumptions such as constant population size, an infinite number of populations, and a constant rate of migration are frequently violated, particularly in nonequilibrium populations (Whitlock & McCauley 1999) . Furthermore, F-statistics and their analogs can yield varying estimates of population differentiation and gene flow (Freeland et al. 2000c , Raybould et al. 1998 , and there is no consensus on which method is most appropriate. Despite these drawbacks, estimates of Nm can often provide a useful indication of the relative amount of gene flow between pairs of populations (Slatkin 1993) . They should ideally be supplemented by altemate methods for calculating gene flow, however. These include assignment tests, in which multilocus genotypes are assigned to populations based on frequency (Paetkau et al. 1995) , Bayesian (Rannala & Mountain 1997) or genetic distance methods (Cornuet et al. 1999) , and discriminant function analyses (Freeland et al. 2000a,b) . None of these methods is infallible. For example, assignment tests assume Hardy-Weinberg proportions and a complete lack of linkage disequilibrium and can yield different results depending on the molecular marker(s) that is employed and the mutation pattern that is assumed (Cornuet et al. 1999) . Another drawback common to these methods is that all individuals are assigned to a population regardless of whether their population of origin was sampled.
Alternative approaches to Nm for inferring gene flow from mitochondrial data include nested clade analysis, which can offer greater power than traditional FST approaches in detecting geographical associations and hence estimating gene flow (Templeton 1998) . This technique may also differentiate between ongoing and historical gene flow and can provide a means of detecting range expansions. However, as with any mitochondrial-based inference of gene flow, the influences of stochastic change and/or selection on a single genetic locus may provide misleading results. Furthermore, since mitochondrial DNA is uniparentally inherited, the dispersal patterns of one gender in gonochoristic taxa will be largely ignored. It is therefore advisable to use data from multiple genetic loci and to subject these data to several analytical methods in order to maximize the accuracy of gene flow estimates.
MODES AND MECHANISMS OF DISPERSAL
The many different mechanisms of dispersal can be broadly classified into two modes: active and passive. Active dispersal entails self-generated movements of individual organisms, while passive dispersal entails movements achieved by use of an external agent. Consideration of dispersal as a result of human activities is deferred to a later section.
Passive Dispersal
In lotic habitats, passive dispersal of invertebrates by water currents or downstream drift can displace from 1% to 2% of benthic stream organisms (Waters 1972) and can result in movement of individuals between spatially discrete populations. Drift is the most common means of transport for many stream invertebrates, such as baetid mayflies and amphipod crustaceans. Passive transport of freshwater invertebrates to new water bodies may be achieved using both animal vectors and wind (Maguire 1963) . Passive transport via hitchhiking or phoresy is achieved by the movement of resistant resting stages or of individuals that become attached to mobile animal vectors such as waterfowl or other aquatic vertebrates (see Figure 1) . Such vector-mediated dispersal may also occur through transport of adults or resting stages in the guts of animal vectors followed by defecation of viable stages. Examples of such dispersal are reviewed in Table 1 .
Wind dispersal may result in short-distance transport of anostrocan eggs (Brendonck & Riddoch 1999) and, by extension, may disperse other small desiccation-resistant stages. Longer-distance dispersal such as aerial plankton is likely in small weakly flying insects, such as stoneflies, mayflies, caddisflies, and some members of Diptera (Kelly et al. 2001 ). However, for many organisms we question the reliability of dispersing by wind to suitable freshwater habitats owing to the high likelihood of terrestrial deposition.
Active Dispersal
In freshwater invertebrates, active dispersal results predominantly from flight in adult insects that show varying degrees of dispersal according to taxonomic group, situation, and prevailing environmental conditions. An additional means of active dispersal is seen in some molluscs (Kerney 1999) and flightless beetles (Balfour-Browne 1958) that can move between sites via intervening areas of wet habitat.
APPARENT ADAPTATIONS FOR DISPERSAL
Active dispersal may be triggered by environmental conditions that are changing or may be predicted to change in the near future. For example, both increasing temperature and decreasing water depth play a role in triggering the dispersal of aquatic members of Heteroptera and Coleoptera (Velasco et al. 1998 ). In general, however, the cues that trigger aquatic insects to disperse are poorly understood. Achieving passive transport is likely to be a relatively rare event, and many taxa display features that appear to increase its likelihood. These include hooks on bryozoan statoblasts (Wood 1991 ) (see Figure 1) ; sticky envelopes, knobs, and spines on branchiopod crustacean eggs (Fryer 1996) and cladoceran ephippia (Dole-Olivier et al. 2000); and release of large numbers of small dispersing stages to coincide with the timing of peak waterfowl migrations (Okamura & Hatton-Ellis 1995) .
Active and passive dispersal stages must be equipped for at least brief exposure to terrestrial/aerial conditions, apart from the special case of internal transport in digestive tracts. For passive dispersers this is accomplished with small dormant stages with reduced metabolic rates and resistance to desiccation and extremes of temperature (Williams 1987) . Such stages occur in a wide range of taxa, including sponges (Simpson & Fell 1974) , monogonont rotifers (Gilbert 1974) , bryozoans (Bushnell & Rao 1974) , tardigrades (Nelson & Marley 2000) , cladocerans (Dodson & Frey 1991) , copepods (Dahms 1995) , and branchiopods (Korovchinsky & Boikova 1996) . Although suited for overland dispersal, some of the characteristics of these propagules may have evolved under a variety of selection regimes, for example following the drying of temporary ponds or a seasonal reduction in food and temperature.
The exploitation of aquatic habitats is a derived condition in insects and most commonly occurs in pterygote larvae, which often represent the main feeding stage in the life cycle. The adult insect is typically winged, and selection for dispersal between habitats is often used to explain the retention of the terrestrial adult phase. With the exception of the Coleoptera and Heteroptera, an alternative explanation is that wings would be unable to function after periods of inundation. Fully aquatic adult beetles and bugs are able to protect their functional hindwings by sclerotized forewings, the elytra and hemielytra, respectively.
VARIATION IN DISPERSAL ABILITY
Intraspecific differences in dispersal abilities are found in some passively dispersing species. For example, Branchipodopsis wolfi, the southern African fairy shrimp, produces both sticky and smooth eggs, with the latter showing a higher likelihood of dispersal among sites (Brendonck & Riddoch 1999) . The freshwater bryozoan Plumatella repens produces two types of statoblasts: stationary sessoblasts and dispersing floatoblasts. The higher proportion of floatoblasts produced by larger colonies suggests that dispersal provides an escape from local resource depletion zones (Karlson 1992) .
Variation in dispersal ability is also found within some actively dispersing insect species that contain both winged and wingless forms (Harrison 1980 , Roff & Fairbairn 1991 . Presumably such wing dimorphism evolved as a result of the differing relative fitness of dispersing offspring under different environmental scenarios. A relatively high frequency of flightless insect morphs is associated with stable habitats (Roff 1990 , Vepsalainen 1974 ). Short-wingedness is the optimal within-site strategy in a range of water striders of the genus Gerris, owing to the greater local reproductive efficiency of this morph (Vepsalainen 1974 (Vepsalainen , 1978 . Long-wingedness is the optimal between-sites strategy, since dispersing individuals can establish new populations when sites temporarily dry out. The persistence of wing dimorphism within populations may occur as a result of dispersal within the metapopulation even though dimorphism is not a locally optimal strategy.
The evolutionary maintenance of flight ability in insects, and the trade-offs between dispersal and other life-history parameters, have been reviewed by Roff (1990 Roff ( ,1994 . Since flight ininsects is energetically expensive (Chapman 1999) and reduces egg production in some taxa (Roff 1977) , it can be expected that aquatic insects will show variation in apparent trade-offs between flight ability and other life-history parameters related to fitness. Some aquatic taxa appear to conform to the oogenesis-flight syndrome (Johnson 1969) , in which dispersal occurs early in adult life, and energy for reproduction is then obtained through the autolysis of flight musculature (Hocking 1952) . Examples of trade-offs between dispersal and fitness parameters in aquatic insects are reviewed in Table 2 .
THE COMPARATIVE BIOLOGY OF DISPERSAL
In order to attain a broad overview of dispersal in freshwater invertebrates, we now focus on several relatively well-studied systems. In particular, we compare passive dispersers that have contrasting life histories in standing waters with actively dispersing taxa that inhabit continuous and discontinuous riverine habitats. It will become apparent that even in fully winged invertebrates, dispersal between sites may be rather limited. Darwin's observation of the widespread distribution of freshwater species is tempered by the recognition of cryptic allopatric taxa in some groups.
Dispersal of Zooplankton and Bryozoans from Ponds and Lakes
Studies of zooplankton and bryozoans do not reveal any consistent patterns of either historical or ongoing dispersal. Cladoceran populations, for example, commonly show high levels of genetic differentiation across short geographical distances (Boileau et al. 1992 , Crease et al. 1990 , and there have been several discoveries of species complexes and cryptic endemics (Hebert & Finston 1997 , Weider et al. 1999 . Rotifers also show strong phylogeographical structuring over several hundred kilometers (G6mez et al. 2000) . However, genetic lineages in zooplankton may also show little divergence over several thousand kilometers (Hann 1995 , Hebert & Finston 1996 , a discrepancy that suggests very different levels of connection across varying spatial scales, or varying mutation rates. Similarly contradictory patterns were found in the freshwater bryozoan Cristatella mucedo. A study of C. mucedo in Europe revealed evidence for gene flow among populations over broad spatial scales (Freeland et al. 2000a ), whereas conspecific populations in North America remained genetically isolated from one another (Freeland et al. 2000b ).
Connection among populations of freshwater species that rely on passive dispersal is influenced by the vectors that transport their propagules. For example, the C. mucedo populations studied in Europe were located along a transect that roughly corresponds to a commonly used waterfowl migration route, and therefore waterfowl may act as vectors that link subpopulations within a large metapopulation in northwest Europe (Freeland et al. 2000a ). Conversely, the North American C. mucedo populations were located along multiple and divergent waterfowl migratory routes, and connection among these sites should be less predictable (Freeland et al. 2000b ). Waterfowl have also been implicated in the dispersal of zooplankton propagules. The distribution of genetic lineages within North American populations of the cladoceran Daphnia laevis is roughly concordant with three major waterfowl flyways (Taylor et al. 1998) . Similar agreement between mitochondrial haplotype distribution and waterfowl migratory routes suggests that waterfowl have played an important role in the postglacial expansion of Daphnia pulex in Greenland and Iceland (Weider et al. 1996) , and Beringia (Weider & Hobaek 1997) .
Although waterfowl migrations apparently play at least an occasional role in the dispersal of freshwater zooplankton and bryozoans, there are several reasons why it will be difficult to fully deternine the extent that waterfowl link sites through genetic studies. First, there are likely to be additional vectors of dispersal, e.g., animals, boats, and lotic channels. Second, it is logistically impossible to sample an appreciable proportion of zooplankton or bryozoan populations from most sites, and therefore the genetic identity assigned to a population may depend on which individuals are sampled. In a similar vein, many species can be found in a large number of sites, and those sites that share relatively high levels of gene flow may not have been sampled. Third, it is worth reiterating here that data from different molecular markers will influence conclusions. It was not until both microsatellite and mitochondrial data were obtained from North American C. mucedo that a pattern suggesting two cryptic species emerged (Freeland et al. 2000c ). Estimates of gene flow will be artificially reduced when data from two species are combined, and this may at least partially explain the apparent lack of gene flow among North American Cristatella populations. Similar situations may at times influence gene flow estimates among zooplankton, as, for example, molecular data have suggested that some morphologically similar cladoceran populations are actually distinct species or subspecies (Crease et al. 1997 , Taylor et al. 1998 . Studies of dispersal have only recently been enhanced by molecular data, and these have targeted a small proportion of taxa. Therefore, some element of caution should be retained when generalizations based on inferences of gene flow are proposed.
Active Dispersal in Riverine Taxa
Running waters are comprised of drainage networks (Banarescu 1990) , with the extent and position in the landscape dependent on local topography. Individual watersheds may be viewed as discrete freshwater systems that are only occasionally interconnected by processes such as river capture (Bishop 1995) . Given the often highly disturbed nature of stream environments, the populations and assemblages present within local reaches may be strongly determined by dispersal movements of individuals. both in stream and overland (Palmer et al. 1996) . In stream-dwelling insects with flying adults, the possibility of lateral dispersal between streams and catchments may lead to gene flow between populations in different watercourses. To date, however, direct studies of dispersal in adult aquatic insects have largely focused on testing Muller's (1954) colonization cycle, whereby upstream adult dispersal compensates for the downstream losses of individuals due to drift (Hershey et al. 1993 , Williams & Williams 1993 ). Significantly higher rates of upstream dispersal have been reported in a range of Plecoptera, Ephemeroptera, and Trichoptera, although the generality of these results has recently been questioned (Petersen et al. 1999) . Upstream distances traveled by individual insects have rarely been estimated, but mark-recapture using stable isotopes has revealed them to be on the order of 1 km in Baetis mayflies (Hershey et al. 1993) . For insects in short headwater streams, such dispersal may allow individuals to move from one headwater to another without lateral dispersal. This can happen if larvae drift downstream to a position below the confluence of two first-order streams, and then adults move upstream into an adjacent headwater (Griffith et al. 1998) .
Direct estimates of lateral dispersal away from streams have relied on malaise traps (Griffith et al. 1998) , sticky traps (Jackson & Resh 1989) , light traps (Kovats et al. 1996) , or a combination of approaches (Collier & Smith 1998) . These studies suggest limited lateral dispersal in the majority of stream-dwelling insects, particularly weakly flying species of Trichoptera and Plecoptera. Population structure at the drainage level would therefore be expected to follow a stepping-stone model with isolation by distance (Kimura & Weiss 1964) . However, the potentially homogenizing effects of upstream dispersal and downstream drift will likely result in less isolation by distance within streams than between streams. Unfortunately, genetic studies of stream insects have rarely involved a sampling design that would allow testing of the above hypothesis through hierarchical analysis of the spatial distribution of genetic diversity. To date, most genetic studies of stream insect populations have relied on allozyme data, and most have found that populations in different stream systems show moderate to high levels of genetic differentiation, including evidence of cryptic speciation (Hughes et al. 1999 , Jackson & Resh 1992 . Preziosi & Fairbairn 1992 .
The only direct attempts to compare population differentiation within and among individual streams and drainages have been undertaken by Bunn and colleagues (Bunn & Hughes 1997 , Schmidt et al. 1995 , mostly in small rainforest streams in northern Australia. Population genetic data for a mayfly (Baetis sp.), a water strider (Rhieurnatonietra sp.), and a caddisfly (Tasiagma ciliata) all reveal a striking and rather unexpected relationship between levels of genetic differentiation and spatial scale. In all three taxa, genetic differentiation (FST) decreases with level in the stream hierarchy, being highest between populations in different reaches of the same stream and lowest between separate catchments. Such a pattern is counterintuitive, as relatively low genetic differentiation between catchments points to regular adult dispersal, a scenario that must be reconciled with high differentiation within streams. Schmidt et al. (1995) suggest that unexpectedly high FST values at smaller spatial scales may be explained if instream movement is restricted, and if individuals within a reach are the offspring of a limited number of females. In these Australian systems, unpredictable climatic conditions lead to asynchronous adult emergence, and therefore relatively few breeding adult insects are present at any given time. These patterns appear to be mirrored in the subtropical Canary Islands (Kelly et al. 2001 ) but may not hold for stream insects with synchronized emergences. This hypothesis is supported by a study of the synchronously emerging stonefly Yoraperla brevis (see Hughes et al. 1999) , in which among-stream differentiation (FST) was an order of magnitude higher than that within streams. Such findings are in keeping with our understanding of adult movement in most stream insect taxa in the northern hemisphere, where, in general, dispersal rates within a drainage network appear to be higher than those between separate catchments, even in organisms capable of active flight.
DISPERSAL IN TIME
Recent evidence indicates that some invertebrate taxa may achieve temporal dispersal through the accumulation and subsequent release of dormant propagules that create a reservoir of genetic material analogous to seed banks in plants. Such dispersal in time will be a function of the dormant period of viable propagules and therefore could vary considerably between taxa. Here we must distinguish between the routine year-to-year continuity of populations maintained via dormant overwintering stages produced in the preceding year, and the recruitment of stages that have remained dormant over longer periods. The latter can result in temporal dispersal that may promote the long-term persistence of both genotypes and local populations during extended adverse conditions , Freeland et al. 2001 .
The dormancy period of resting stages has been studied in a number of species. In copepods, there is evidence that recruitment of genotypes from sediments occurs when favorable conditions return (Hairston & Caceres 1996) . Recent studies provide evidence that egg banks of rotifers and cladocerans contribute to population genetic structure following the hatching of dormant eggs throughout the growing season, a process that contributes to the maintenance of genetic diversity in these populations (Caceres 1998 . Temporal dispersal has also been inferred from the differential hatching regime of stonefly eggs (Zwick 1996) and from genetic analyses of bryozoan populations sampled over several different timescales (Freeland et al. 2001) .
The importance of temporal dispersal via propagule banks is suggested by the fact that some diapausing zooplankton eggs can remain viable in sediment for 200 years or more (Hairston et al. 1995 , Caceres 1998 . Such an extension of generation time may profoundly influence genetic structure, for example by influencing the rate and direction of microevolution following directional and temporally fluctuating selection . Temporal dispersal may particularly benefit predominantly clonal or inbred organisms that have a limited ability to produce novel genotypes and therefore would otherwise remain at a disadvantage in the Red Queen race (Tooby 1982) . Furthemnore, temporal gene flow may be important to taxa that are incapable of actively dispersing among sites. Notably, many zooplankton and benthic taxa are both clonal and incapable of active dispersal, and these taxa present most of the evidence for temporal gene flow via propagule banks.
HUMAN-MEDIATED DISPERSAL
Dispersal of freshwater organisms through human activities has recently been the focus of considerable investigation (reviewed by Claudi & Leach 2000) . Introductions of nonindigenous invertebrates have been achieved through intentional stocking programs for fisheries and for biocontrol, release of organisms from the aquarium or horticultural trade, release of organisms along with bait fish by fishermen, release of ballast water, deliberate establishment of exotic food sources for human consumption, and the creation of humanmade water channels. Clearly, some of these mechanisms of dispersal will have resulted in the dispersal of indigenous species as well. In many cases, pattems of occurrence strongly implicate human-mediated dispersal but, because many invasions occurred before biological surveys, the number of species involved is not known.
Introduction of a number of nonindigenous species has resulted in dramatic postinvasion spread and severe economic and ecological impacts. For instance, release of larvae in ballast water into Lake St. Clair in 1985 or 1986 was the original mechanism by which the zebra mussel, Dreissena polymorpha, was introduced to North America (Hebert et al. 1989) . Since then D. polvmorpha has invaded most of the major North American river systems (Mackie 2000) through a combination of further release of larvae in ballast, bilge, and engine cooling water, transport of adults and juveniles on boats and macrophytes entangled on boat trailers, and downstream dispersal of planktonic larval stages. Severe ecological and socioeconomic impacts have resulted (Kinzelbach 1992 , Mackie 2000 . Human activities may also impede dispersal among freshwaters. The disruption and fragmentation of rivers by a series of impoundments (Englund & Malmqvist 1996) may diminish dispersal, as is suggested by the relative development of riparian floras and pattems of movement of fish and plant diaspores (Jansson et al. 2000) .
KEY DIRECTIONS FOR FUTURE RESEARCH Integrative Approaches
Few studies combine direct and indirect approaches to estimate levels of dispersal in freshwater invertebrates (but see Numberger & Harrison 1995) . Consequently, our understanding of local dispersal rates within metapopulations, and the influence of landscape features, is severely limited. Such integrated studies should be conducted across a range of phylogenetically independent taxa, with the simultaneous application of several molecular markers targeting regions of nuclear and mitochondrial DNA that have inherently variable mutation rates. Key areas for such study include lateral dispersal of stream insects, particularly those with aquatic adult stages, and short-range dispersal of pond insects with differing mobilities.
Temporal Dispersal and Propagule Survival in Passive Dispersers
Recent developments indicate that temporal gene flow via propagule banks plays an important role in the metapopulation biology of many freshwater invertebrates. Understanding the extent to which dispersal in both space and time allows the longterm persistence of metapopulations will provide important insights into the maintenance of biodiversity in freshwater systems and may be of particular relevance to conservation issues. Newly created sites, or sites with histories of disturbance, may not be the best habitats for protection if temporal gene flow is important. An awareness of dispersal through time and space highlights the fallacy of viewing populations as discrete units and should serve as a warning that the effects of restricting or otherwise altering patterns of dispersal may have unforeseen and potentially far-reaching consequences.
While passive dispersal via animal vectors has been inferred from both direct and indirect observations, the survival of passive dispersers under different regimes is poorly understood. More systematic study is required before we can determine whether particular vector species and habitat types favor passive transport.
Historical Versus Ongoing Gene Flow
Molecular markers have contributed enormously to our understanding of the movements of many freshwater taxa. However, such approaches can lead to new sets of problems. For example, range extensions of freshwater taxa at the end of the last ice age may have introduced multiple genetic lineages into individual lakes and ponds (Stemberger 1995) , and such historical events may not be readily distinguishable from ongoing gene flow without the use of rapidly evolving molecular markers (Freeland et al. 2000c) . Notably few studies have used mitochondrial DNA data to infer historical patterns of range expansion and dispersal in freshwater invertebrates (Avise 2000; but see Bilton 1994 , Nurmberger & Harrison 1995 , Meyran et al. 1997 , Weider & Hobak 1997 . Disentangling the extent to which population structure results from recurrent forces, such as gene flow, versus historical events, such as fragmentation and range expansion, will be crucial to understanding the frequency of dispersal in freshwater taxa. With the further development of molecular and analytical approaches and the streamlining of laboratory practices, it will become easier to genetically characterize individuals at multiple loci and to conduct more suitable analyses of the data through adoption of increasingly refined models. 
Understanding Anthropogenic Influences
While a large proportion of original wetlands have been lost (Carp 1980 , Rackham 1986 , humans have created new water bodies through damming of rivers (Moss 1998) , creation of small farrn ponds (Gerking 1966 ) and ornamental lakes (Bennion et al. 1997) , and digging of gravel pits. The distribution of freshwater invertebrates in many, if not most, places on earth is now a result of contraction from natural habitats and expansion into humanmade environments. It is unclear how this changing array of habitats will influence dispersal patterns of freshwater invertebrates. Global climate change and habitat degradation may mean that the persistence of populations and species will rely on increasingly frequent dispersal events. At the same time, human-mediated dispersal often provides a new degree of connectivity between populations. Many predictions regarding the fate of freshwater taxa under rapidly changing environmental conditions remain speculative. In order to refine these predictions, we must improve our understanding of dispersal patterns and processes among freshwater populations.
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